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In this paper, we compare and contrast the experimental data and the theoretical predictions of the
low temperature optical properties of polar and nonpolar InGaN/GaN quantum well structures. In
both types of structure, the optical properties at low temperatures are governed by the effects of
carrier localisation. In polar structures, the effect of the in-built electric field leads to electrons being
mainly localised at well width fluctuations, whereas holes are localised at regions within the quantum
wells, where the random In distribution leads to local minima in potential energy. This leads to a sys-
tem of independently localised electrons and holes. In nonpolar quantum wells, the nature of the hole
localisation is essentially the same as the polar case but the electrons are now coulombically bound
to the holes forming localised excitons. These localisation mechanisms are compatible with the large
photoluminescence linewidths of the polar and nonpolar quantum wells as well as the different time
scales and form of the radiative recombination decay curves. VC 2016 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4948237]
I. INTRODUCTION
Since the ground breaking work performed1 by Akasaki,
Amano, and Nakamura on InGaN/GaN heterostructures,
InGaN light emitting diodes (LEDs) have found widespread
applications in many areas such as high brightness displays
and solid state lighting. At the heart of these devices are polar
InGaN/GaN quantum well (QW) structures grown on sapphire
substrates that are capable of generating visible light with high
internal quantum efficiencies (IQE).2–4 For example, blue light
emitting LEDs have been fabricated that can exhibit IQE val-
ues as high as 90% at room temperature.5 This remarkable suc-
cess has been achieved despite the fact that the growth of these
high efficiency device substructures occurs on a sapphire sub-
strate, where the lattice mismatch with GaN is 16%.6 Such a
large mismatch leads7–9 to the epitaxy of nitride based layers
with dislocation densities of at least 108 cm2. This in many
ways is contrary to the normal approach to the fabrication of
high efficiency III-V optoelectronic devices. Usually, the mis-
match between the substrate,10 GaAs or InP, and the epitaxial
layers that do not have the same lattice parameter as the sub-
strate is chosen to be so small that the layers are elastically
strained. This avoids the production of high densities of defects
that can occur as a result of strain relaxation. This is vital for
achieving high IQE values, e.g., in GaAs based devices, it is
essential11 to achieve dislocation densities less than 103 cm2
to prevent the significant non-radiative recombination.
This apparent problem with GaN based structures grown
on sapphire should in principle be compounded by the long
radiative lifetimes in InGaN/GaN QWs. This occurs because
of the large spontaneous and piezoelectric polarisations12–14
that produce electric fields of 106V cm1 across the QWs.
These fields cause separation of the electron and hole wave-
functions that result in not only increases to the radiative
recombination lifetimes but also an associated quantum con-
fined Stark effect12 that moves the peak of the recombination
to lower energies. It is difficult to quantify the increase in
radiative lifetimes produced by the built-in electric fields
because, as will be discussed in detail later, it is impossible
to assign a single time constant to the radiative recombina-
tion process. Nevertheless, at low temperatures, energy
dependent radiative decay times for InGaN/GaN QWs are
quoted15–18 to be 10 s of nanoseconds compared with
exciton decay times in GaAs/AlGaAs QWs 100 s of pico-
seconds.19 It is widely accepted18,20–24 that the carrier local-
isation can, to a large extent, overcome non-radiative
recombination associated with defects. However, the role of
carrier localisation25,26 in the process responsible for effi-
ciency reduction at high carrier densities, the so-called effi-
ciency droop,27,28 is still the subject of extensive discussion.
Nevertheless, the effects of carrier localisation go beyond
the beneficial effect of reducing the causes of defect-related
non-radiative recombination. There are clear implications for
the basic optical properties including the form of the emis-
sion spectra29 and the radiative decay curves.18 Thus, the
precise nature of carrier localisation is fundamental to many
of the operating characteristics of InGaN based LEDs.
At the same time, there are clear indications that the
precise nature of the carrier localisation is not common to
all forms of InGaN QWs and that different effects can arise,
for example, in nonpolar structures for which the strong mac-
roscopic electric fields across the QWs are absent. There isa)Electronic mail: philip.dawson@manchester.ac.uk
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great interest in the properties of nonpolar InGaN QWs for
two main reasons. Firstly, the IQEs of polar InGaN QWs
designed to emit in the green30 part of the spectrum are
much less than those that emit in the blue.31 This behaviour
is preventing the full exploitation of the nitride materials sys-
tem for producing high brightness sources in the green part
of the visible spectrum. One possible explanation for this
behaviour is that green emitters contain significantly larger
fractions of In in the QWs than their blue emitting counter
parts. This leads to large elastic strains and hence, in polar
materials, much greater radiative lifetimes that can, in the
presence of non-radiative recombination paths, lead to
reduced values of IQE. Thus, nonpolar QW structures in
which there is no macroscopic electric field perpendicular to
the plane of the QWs should have relatively short radiative
lifetime leading to structures that exhibit high IQE in the
green part of the spectrum. Secondly, the in-plane aniso-
tropic strain and differences in the hole effective masses
along the growth direction can lead to lifting of the valence
band degeneracy that enables the emission of strong linearly
polarised light from nonpolar InGaN QW structures.32,33
Clearly, the presence or absence of the macroscopic intrinsic
electric field will impact mainly on the radiative recombina-
tion rate but there is a stark contrast between not only the
time scale of the recombination dynamics34 but also the
more basic radiative recombination processes35 for nonpolar
and polar InGaN QW structures.
In this paper, we will compare and contrast the nature of
the localisation mechanisms in polar and nonpolar InGaN
QWs and the consequences for their fundamental optical
properties. All the samples discussed here were grown by
metalorganic chemical vapor deposition (MOCVD), the po-
lar sample was grown on c plane sapphire using a quasi-two
temperature growth methodology which we have described
in detail elsewhere,36 and the nonpolar m-plane sample was
grown on freestanding bulk GaN as described in Ref. 37.
Using a CW excitation power density of 6W/cm2 from a He/
Cd laser, the room temperature IQE was measured using the
methodology36 of comparing the ratio of the integrated pho-
toluminescence (PL) intensity at room temperature and 10K.
The measured ratios were 10% and 20% for the c-plane and
m-plane samples, respectively. It should be noted that for
both the samples, these figures are indicative of good quality
material for such a low excitation density. However, since
the IQE is a function of carrier density36 and the carrier den-
sity depends on the overall recombination rate and thus on
the radiative recombination times, which inevitably differ
between the polar and nonpolar samples, these values cannot
be directly compared.
II. POLAR QUANTUMWELLS
In Figure 1 is shown a typical low temperature photolu-
minescence (PL) spectrum from an InxGa1xN/GaN multiple
QW sample. In this particular case, the In fraction in the QW
is 0.16 and the QW thickness is 2.5 nm. The nature of the
recombination processes responsible for the low temperature
spectra has been the subject of a great deal of study, with the
generally accepted view that the main emission peak
(2.805 eV) involves the recombination of localised carriers
with the series of lower energy features that occur with a pe-
riodicity 90meV being assigned to longitudinal optical
(LO) phonon replicas of the main peak.38 The initial view
that the localisation plays a key role was largely based on the
linewidth of the zero phonon emission and the temperature
dependence of the peak energy. The latter effect was one of
the strongest indications of the importance of carrier local-
isation. The distinctive behaviour of the PL peak energy,
which for the spectrum shown in Figure 1 is displayed in
Figure 2, is widely referred to as the S shape and has been
extensively reported.39–41 The overall form of the S shape
has been explained in terms40,42 of the thermally driven
redistribution of carriers amongst the available localisation
sites. It should be stressed that the S shape is fundamentally
caused by the changes in the linewidth of the zero phonon
line with temperature. Related to the carrier localisation is
the form of the PL decay curves at low temperature. In
Figure 3 are shown a series of decay curves measured at dif-
ferent detection energies across the spectrum shown in
Figure 1. The most important aspects of these curves that
relate to the carrier localisation are the non-exponential na-
ture of the decay curves and detection energy dependence
FIG. 1. PL spectrum measured at a temperature of 10K for polar InGaN/
GaN QW structure.
FIG. 2. Change in peak energy of PL spectrum as a function of temperature
with the temperature dependence of the InGaN removed from the data.
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which shows slower decay times with decreasing detection
energies across the zero phonon line. Of course, as we dis-
cussed earlier the overall time scale of the decays is antici-
pated to be much longer than in, for example, GaAs QWs.
This is due to the spatial separation of the electron hole
wavefunctions perpendicular to the plane of the QWs caused
by the in-built electric field. As we shall see later, however,
this does not explain completely the form of the decay
curves and the time scales over which the decays occur.
Despite this powerful evidence for localisation, the pre-
cise nature of the localisation has been the subject of exten-
sive debate. A range of localisation mechanisms has been
proposed including indium clusters,20,43–46 QW width fluctu-
ations,38,47 and random fluctuations in the local In frac-
tion.48,49 Of these possibilities, the case for In clusters was
largely disproved in the work of Smeeton et al.50 and
Galtrey et al.,51 who showed that the evidence for In cluster-
ing could be attributed to electron beam damage in the TEM
measurements.
Nevertheless, the roles of well width fluctuations and
random fluctuations in In fraction remain to be considered.
This was done independently in the work of Watson-Parris
et al.52 and Schulz et al.53 Watson-Parris et al. used an effec-
tive mass treatment to calculate the potential energies of
electrons and holes in an InGaN QW, and specifically how
these energies were influenced by the effects of a random
distribution of In atoms and well width fluctuations. They
found that the holes are strongly localised in regions, where
the In fraction is significantly greater than the average and
the electrons are less strongly localised by alloy and well
width fluctuations, with the electrons in particular, being
localised at the top QW interface due to the effects of the
in-built electric field. This result was confirmed in a later
independent study by Schulz et al.53 using an atomistic
tight-binding model. Using this atomistic model, an example
of the predicted electron and hole ground states in a 3.5 nm
wide In0.25Ga0.75N/GaN QW is given in the left hand column
of Figure 4 (Single-Particle States). For this work, disk-
like well width fluctuations with a diameter of 5 nm and
height of 2 monolayers were assumed, which are close to the
experimentally reported values.29 The results shown include
random alloy fluctuations and the resulting local variations
in strain and built-in potential. Isosurfaces of the electron
and hole ground state charge densities are displayed in red
and green, respectively. The dashed lines indicate the QW
interfaces. Due to the presence of the strong electrostatic
built-in field along the growth direction, the electron and
hole wave functions are localised at opposite QW interfaces.
Figure 4 clearly indicates strong hole wave function localisa-
tion effects caused by the random alloy fluctuations. Of par-
ticular relevance to the results of the PL spectroscopy
mentioned above, Watson-Parris et al. and Schulz et al. were
able to show that the large PL linewidth is due to the fluctua-
tions in the localisation energies of the holes and that the
fluctuations in electron localisation are of secondary impor-
tance in determining the form of the PL spectrum. This is
illustrated in Figure 5 for the electron and hole ground state
energies from Schulz’s atomistic tight-binding calculations
for the InGaN/GaN QW discussed above. Here, for the fixed
In content of 25%, the calculations have been repeated 10
times to realise different random atomic configurations in
the QW. The results in Figure 5 are depicted as a function of
the configuration number n. To visualize the data on the
same energy scale, the electron and hole ground state ener-
gies are displayed relative to their respective average ground
state energies. Figure 5 clearly demonstrates a much larger
variation in the hole ground state energies when compared
with the electrons. This effect is consistent with the picture
FIG. 3. PL decay curve measures¼ d at the detection energies indicated for
the spectrum shown in Figure 1.
FIG. 4. Isosurfaces of the electron (red) and hole (green) ground state charge
densities in an In0.25Ga0.75N/GaN QW in the absence (left, Single-Particle
States) and in the presence (right, Many-Body States) of Coulomb interac-
tion between the electron and the hole. The light and dark isosurfaces corre-
spond to 5% and 50% of the maximum charge densities. The dashed lines
indicate the QW interfaces. The results are shown for a top view (parallel to
c-axis) and a side view (perpendicular to the c-axis) of the QW structure.
The in-plane super cell dimensions are 10 nm 9 nm and the QW width is
approximately 3.5 nm. The diameter of the disk like well-width fluctuations
is 5 nm and the height is 2 monolayers.
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of strongly localised hole ground states, which makes these
states very sensitive to the local atomic structure and there-
fore to the microscopic configuration n. So, taking all these
factors into account, we are left with a picture of strongly
localised holes and electrons that are mainly localised due to
the combined effects of the macroscopic built-in electric
field, alloy, and well width fluctuations. In this discussion, so
far we have ignored any effects of the Coulomb interaction
between the electrons and holes and any subsequent exci-
tonic effects. This question was addressed in particular, in
the work of Schulz et al.,53 who considered the effects of the
Coulomb interaction between the localised electrons and
holes. They found that the spatial separation of the electron
and hole wavefunctions due to the presence of the built-in
potential and the localisation effects is much stronger than
the electron/hole Coulomb interaction. An example for this
behaviour is shown in the right hand column of Figure 4
(Many-Body States), where excitonic effects are included in
the atomistic tight-binding calculations via the configuration
interaction scheme. When we compare the electron and hole
charge densities in the absence (left) and in the presence
(right) of the Coulomb interaction, we find that the charge
densities are essentially the same. This indicates that the
behaviour of the ground state charge densities is mainly
dominated by the localisation effects arising from (i) the
macroscopic built-in electric field across the QW, (ii) local
alloy fluctuations, and (iii) well width fluctuations. Thus,
although the Coulomb interaction introduces a small shift in
energy of the predicted low temperature PL spectrum, the
electrons and holes can be treated as largely independent.
This overall view has very important consequences for the
explanation for the recombination dynamics as discussed in
detail by Morel et al.54 As shown in Figure 3, at low temper-
atures, the PL decay curves are non-exponential and vary
with detection energy, so that the overall time scale increases
with decreasing detection energy across the zero phonon
part of the spectrum. Morel et al. treated the independently
localised electrons and holes as a pseudo two-dimensional
donor-acceptor pair system. From this treatment, it was
shown that the shape of the decay curves (the non-
exponential character) was governed by the statistical distri-
bution of the electron and hole localisation sites in the plane
of the QWs. The spectral dependence of the time scale of
the decays was explained as being a consequence of the
change in strain and hence macroscopic built-in electric
field associated with the variations in local In content respon-
sible for the change in hole localisation energy as discussed
above. As part of their treatment, Morel et al. presented
extensive evidence of good agreement between theory and
experiment, where the PL intensity decayed by three orders
of magnitude.
However, it should be noted that this overall view that
at low temperatures, the recombination occurs between
independently localised electrons and holes has been ques-
tioned in the work of Brosseau et al.,55 who explained the
form of the spectrally integrated PL decay curve from one
In0.2Ga0.8N/GaN multiple QW sample as being dominated
by recombination involving isolated localisation centres.
III. NONPOLAR QUANTUMWELLS
GaN offers two relatively stable growth directions
inclined at 90 to the c [0001] direction which are known as
a [1120] and m [1100] that enable the fabrication of nonpo-
lar InGaN/GaN QW structures. Contrary to the case of the
growth of polar QW structures, the choice of substrate can
strongly influence the nature of the recombination in nonpo-
lar QW structures. For example, if the growth is carried out
heteroepitaxially on r-plane sapphire substrates, basal plane
stacking faults (BSFs) propagate through the QWs which
can lead to an associated recombination path. This problem
is eliminated if the QWs are grown on bulk GaN substrates
which have no BSFs. Recently, it has been proposed56 that
In clustering occurs in a-plane QWs which could act as
localisation centres. Thus, to make the comparison with po-
lar QWs more meaningful, we will concentrate on the carrier
localisation mechanisms in m-plane QW structures grown on
bulk GaN substrates. The low temperature PL spectrum for a
5 period m-plane InGaN/GaN QW structure whose well
width and In fraction were 1.9 nm and 0.17, respectively, is
shown in Figure 6. As in the case of spectrum from the polar
structure, the FWHM is large at 121meV, in fact much
larger than the width of the spectrum in Figure 1. Previously,
we have reported37 that as the sample was grown on a sub-
strate with a 2 miscut, there are variations in indium content
associated with local step features. The greatest variations
are associated with large, widely spaced macroscopic steps
which give rise to the low energy tail of the spectrum dis-
played in Figure 6. We were not able to see any evidence for
significant inhomogeneity associated with step edges on the
main m-plane facets between the step bunches. The contribu-
tion to the overall width of the spectrum from the step edge
PL is very small and does not influence the quoted value for
the FWHM of the spectrum. As we will discuss later, it is
not surprising that the spectrum is broad if the effects of
random In fluctuations still play a role in determining the
recombination mechanism. Extra information can be
obtained for nonpolar QWs by measuring the polarised PL
FIG. 5. Relative electron (blue square) and hole (red circle) ground state
energies as a function of the microscopic configuration number n. The elec-
tron and hole ground state energies are with respect to the ground state ener-
gies averaged over the 10 configurations.
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excitation (PLE) spectrum as shown in Figure 6. In this fig-
ure, we show only the spectrum in which the excitation light
is polarised to the c axis of the sample. In this case, we see
an exciton transition at 3.171 eV that is associated with the
n¼ 1 electron state and the lowest lying n¼ 1 strain split va-
lence band.57 On the assumption that the recombination is
intrinsic in nature, then the energy difference between the
exciton peak energy in the PLE spectrum and the recombina-
tion peak of 131meV gives us a direct measure of the depth
of localisation. As in the case of polar QWs,52,53 the localisa-
tion effects are very large. Although the general form of the
PL spectra of nonpolar QWs is not dissimilar from that of
polar systems, we note that the one major difference is the
absence of any LO phonon assisted recombination. The fun-
damental cause of the phonon assisted recombination is the
separation of the electron and hole wavefunctions not only
along the growth direction due to the polarisation induced
electric field29 but also in the plane of the QWs on separate
localisation sites.58 So the absence of the phonon satellites
suggests that not only is the polarisation field absent but also
the independent localisation of electrons and holes may not
occur.
Probably, the biggest contrast in the low temperature op-
tical properties of polar and nonpolar InGaN QWs is in the
form and time scale of the radiative recombination dynam-
ics. In Figure 7, we show a typical PL decay curve from an
m-plane InGaN/GaN multiple QW structure. Clearly, not
only is the time scale over which the recombination occurs
much shorter than, for example, from a polar system shown
in Figure 3 but also is the decay single exponential. This
behaviour was first reported by Marcinkevicius et al.35 and
put forward in support of the idea that the recombination
involves localised excitons.
Support for this concept has recently been put forward
by Schulz et al.59 who made a detailed comparison of the
theoretical predictions of an atomistic tight binding model
with the optical properties of an m-plane InGaN/GaN multi-
ple QW structure. They predicted that the fundamental modi-
fications of the properties of nonpolar QWs compared with
polar QWs are due to the changes in the nature of the
electron localisation due to the absence of the electric field
perpendicular to the plane of the QWs. The nature of the
hole localisation is largely the same, whereas the absence of
the electric field means that the electrons are no longer local-
ised by any well width fluctuations but rather the electron/
hole Coulomb interaction is sufficiently strong that the elec-
trons are bound to the holes leading to the localised excitons.
An example of the predicted electron and hole ground state
charge densities using the model of Schulz et al.59 for a 2 nm
wide m-plane In0.17Ga0.83N/GaN QW is given in Figure 8.
The left hand column of Figure 8 shows isosurfaces of the
electron (red) and hole (green) ground state charge densities
in the absence of the Coulomb interaction (Single Particle
States). As described above, the electron charge density is
almost spread out over the entire QW region, while the ran-
dom alloy fluctuations give rise to strong hole wave function
localisation. When Coulomb effects are included in the cal-
culations, the charge density of the hole ground state is
almost unaffected while the electron localises about the hole.
FIG. 6. PL and polarised PLE spectrum for m-plane structure measured at a
temperature of 10K.
FIG. 7. PL decay curve measured at the peak of the PL spectrum shown in
Figure 6 at a temperature of 10K.
FIG. 8. Isosurfaces of electron (red) and hole (green) ground state charge
densities in an m-plane In0.17Ga0.83N/GaN QW. Light and dark isosurfa-
ces correspond to 5% and 25% of the maximum charge density. The results
in absence of the Coulomb interaction are displayed on the left hand side
(Single Particle States), while the right hand side depicts the data in the pres-
ence of the Coulomb interaction (Many Body States). Again the results are
shown for different viewpoints: top view (parallel to m-axis) and side view
(perpendicular to m-axis). The in-plane super cell dimensions are
10 nm 9 nm and the QW width is approximately 2 nm. The diameter of the
disk like well-width fluctuations is 5 nm and the height is 2 monolayers.
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This is illustrated in the right hand column of Figure 8,
where the electrons can be seen to be localised to the holes,
in contrast to the behaviour shown in the left hand column of
Figure 8. Based on this model, Schulz et al.59 obtained very
good agreement between the predicted form of the low tem-
perature emission spectrum and a measured spectrum, while
the measured single exponential decay curves are also com-
patible with this picture of localised excitons.
IV. SUMMARY
In summary, we have compared and contrasted the na-
ture of the centres responsible for low temperature carrier
localisation in polar and nonpolar InGaN/GaN QWs. Based
on independent effective mass and atomistic calculations, it
is predicted that in polar systems, the macroscopic built-in
electric field localises the electrons at well width fluctua-
tions, whereas the holes are localised at regions of the QWs,
where the In fraction is locally high due to the random distri-
bution of In in the InGaN QWs. This model of independently
localised electrons and holes is compatible with the meas-
ured optical properties. The large low temperature PL line-
width is mainly due to the variations in hole localisation
energy, and the energy dependent non-exponential PL decay
curves measured at low temperatures is characteristic of in-
dependently localised electrons and holes that are separated
by varying distances.
Whereas in nonpolar QWs, the fluctuations in the ran-
domly distributed In fraction still localise the holes but
because of the absence of the electric field the electrons bind
to the holes by coulomb interaction to form localised exci-
tons. Thus, the low temperature PL linewidth is very similar
to the case of polar QWs but the form and time scale of the
PL decay curves is radically different. Basically, the radia-
tive decay occurs on a much faster time scale compared with
the polar QWs but also the decay curves are exponential
which reflect the localised exciton character of the emitting
centres.
As discussed in Section I, it is widely accepted that at
room temperature, carrier localisation plays a significant role
in overcoming non-radiative recombination paths associated
with the large defect densities in InGaN/GaN QW structures.
More precisely, at room temperature where we might expect
some degree of in-plane carrier diffusion, it is the character-
istic energies of the localisation that will be largely responsi-
ble for restricting carrier diffusion. In the case of polar
structures, using the independent electron and hole effective
mass model described by Watson-Parris et al.,52 it was esti-
mated26 that for an InGaN QW with an In fraction of 0.12
and an average well width of 3.0 nm, the intrinsic electron
diffusion length would be 250 nm and the intrinsic hole
diffusion length would be 10 nm at room temperature.
These figures are compatible with the observation that
InGaN/GaN QWs with the dislocation densities as high as
5 108 cm2 can exhibit high photoluminescence IQE at
room temperature. This argument can only be regarded as
approximate as the density of point defects can also play a
role60 in determining diffusion lengths and hence the IQE.
As for nonpolar structures, it can be argued that the carrier
localisation may not play as dominant role in determining
the room temperature IQE as the radiative lifetime itself is
so much shorter than that of polar QWs. Nevertheless, as
with polar structures, the carrier localisation plays a major
role in determining the form of the spontaneous emission
spectrum as well as the recombination mechanism assuming
that the localised excitons continue to be the dominant
recombination channel at room temperature.
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